Objective: To determine the safety and tolerability of mexiletine in a phase II double-blind randomized controlled trial of sporadic amyotrophic lateral sclerosis (SALS).
both familial and sporadic ALS (SALS) using transcranial magnetic stimulation. [8] [9] [10] [11] [12] Threshold tracking studies have demonstrated hyperexcitability of peripheral motor nerve axons, which could also play a role in the generation of fasciculations and muscle cramps, problematic symptoms in ALS that lack effective treatment. 6, 7 Muscle cramps occur in most patients with ALS during the course of the disease 13 and frequently cause distress. 14 Mexiletine, a cardiac antiarrhythmic agent and use-dependent sodium channel blocker, has recently been demonstrated to inhibit neuronal hyperexcitability and prevent cell death in a motor neuron cell line exposed to cultured media from astrocytes engineered to express the human SOD1 gene 15, 16 and could potentially benefit patients with ALS.
Additionally, mexiletine reduced muscle cramping in a small open-label study in Machado-Joseph disease, a hereditary spinocerebellar neurodegenerative disorder that also leads to degeneration of anterior horn cells. 17 Based on these studies, we performed a randomized placebo-controlled multicenter study to determine the safety and tolerability of mexiletine in patients with SALS. Effects of the medication on markers of disease progression and muscle cramps were also determined.
METHODS Standard protocol approvals, registrations, and patient consents. The study was performed at 10 member sites of the Northeast ALS clinical trials consortium from July 2013 to September 2014. The institutional review boards of each participating site approved the study protocol and all amendments. Written informed consent was obtained at the screening visit. The study is registered on clinicaltrials.gov (NCT01849770).
General study design. A randomized, double-blind, placebocontrolled, 3-arm trial design was used. Sixty participants with SALS were randomized in a 1:1:1 fashion to receive for 12 weeks 900 mg/d of mexiletine, 300 mg/d of mexiletine, or placebo divided into 2 dosages daily. We decided upon 2 dosages of the medication, 300 and 900 mg/d, suggested by the known safety profile of this drug for the treatment of cardiac arrhythmias. The study drug was manufactured by the University of Iowa research pharmacy and distributed by the Clinical Material Services Unit of the University of Rochester. Participants were assigned to treatment groups using a computer-generated permuted-block randomization schedule, stratified by site, by a coordination center (Massachusetts General Hospital). At the time of treatment assignment, participants were also randomly assigned by a computergenerated permuted-block randomization schedule, stratified by treatment assignment, to 1 of 5 lumbar puncture times for collection of CSF at their week 6 visit. All investigators, coordinators, and evaluators and coordination center staff were blind to treatment assignment. An independent data safety monitoring board (DSMB) reviewed safety data every 4 months throughout the study. The DSMB had the ability to recommend modifying or terminating the study if it believed participant safety was compromised.
Participant selection criteria. Eligible participants were 18 years old or older with possible, laboratory-supported probable, probable, or definite ALS as defined by revised El Escorial criteria, 18 slow vital capacity (SVC) of $50% of predicted value, and disease duration #3 years from symptom onset. Participants were excluded if they had a history of myocardial infarction, cardiomyopathy, or cardiac arrhythmia, previous use of mexiletine, implantation of a diaphragmatic pacer #60 days prior to the baseline study visit, or use of another investigative medication #30 days prior to the baseline study visit. They had to be on a stable dosage of riluzole and any medications used to treat muscle cramps for $60 days or have been off these medications $30 days prior to randomization.
Study procedures. Screening procedures included assessment of eligibility requirements, a medical history, a physical and neurologic examination, vital signs, ECG, laboratory safety panel (blood chemistry, complete blood count, serum pregnancy test for women of childbearing potential, and urinalysis), administration of the revised ALS Functional Rating Scale (ALSFRS-R) questionnaire, SVC determination, and medication review. At the baseline visit performed within 21 days of the screening visit for eligible participants, procedures included recording of vital signs, ECG, assessment of adverse events, and distribution of a muscle cramp diary. A muscle cramp was defined as a sustained painful muscle contraction lasting seconds to minutes, as distinguished from a fasciculation, which was defined as a transient painless muscle twitch typically lasting a few seconds, though frequently recurrent. Participants were instructed to record the number of muscle cramps they experienced daily and the intensity of the cramps using a visual analogue scale for pain from 0 (no pain) to 10 (maximal pain). Additionally, participants were asked to estimate the frequency of muscle cramps they had experienced in the previous 24 hours and 30 days. Participants were assessed in person at weeks 2, 6, and 12 and contacted by telephone at weeks 1, 10, and 16 from the baseline visit. Study drug was discontinued at week 12. Study procedures at each in-person visit included physical examination, vital signs, ALSFRS-R, collection of the muscle cramp diary, assessment of drug compliance and collection of a dosing diary, reports of concomitant medications and adverse events, ECG, and laboratory safety panel (blood chemistry, complete blood count, serum pregnancy test for women, urinalysis). SVC was recorded at the week 6 and 12 visit only. Plasma and CSF samples were collected for pharmacokinetic analysis at week 6. Blood draws were performed immediately prior to the first dose of the day, and at 1, 2, 4, and 6 hours postdose. CSF was collected by lumbar puncture at a single, randomly assigned time point only. At the telephone visits, drug compliance was assessed if still on study drug, concomitant medications and adverse events were reported and documented, and the ALSFRS-R was administered at the week 16 visit.
Outcomes. The primary outcomes were safety and tolerability (Class I). Secondary outcomes were pharmacokinetic study from plasma and CSF and differences in the change from baseline of the ALSFRS-R score, SVC, and muscle cramp frequency and severity.
Statistical analysis. Sample size. A target sample size of 60 volunteers, 20 per group, was selected to have 80% power to demonstrate that a given dosage was tolerable, defining tolerance as a proportion of treatment failures of less than 40% with 80% confidence, one-sided, and assuming that the true treatment failure rate was no more than 20%. Power for detecting treatment differences in rate of disease progression as measured by slope in ALSFRS-R total score was low. Based on observed variance component estimates from the study, the effective standard deviation after adjustment was 1.3 units/month, yielding 7% power for a 30% difference in rate of progression between either active group and placebo, assuming 2-tailed testing at a 5 0.027 by the Dunnett method for comparison of multiple doses to placebo.
Analysis. All participants who initiated study drug were included in all analyses, following a modified intention-to-treat principle. Baseline characteristics were compared across treatment groups by Fisher exact test and 1-way analysis of variance for categorical and continuous variables, respectively. Safety was assessed with respect to adverse events (AEs) and serious AEs (SAEs) classified according to MedDRA system organ class and preferred term, abnormal clinical laboratory data, vital signs, physical examination findings, and changes in ECG data. The proportion of participants experiencing a given AE or abnormality was compared by Fisher exact test between each pair of treatments. ALSFRS-R and SVC data were analyzed in separate shared-baseline random-slope linear mixed effect models with fixed effects of time from treatment initiation and treatment 3 time interaction. Fixed effect of bulbar onset, symptom onset to baseline time, and baseline riluzole use and their interactions with time were included to avoid confounding by chance differences in those characteristics across treatment groups. Random participant-specific intercepts and slopes were modeled with unstructured covariance to account for correlation among repeated measurements over time. Models for muscle cramp frequency and intensity were similar except that weekly cramp frequencies and mean maximum intensity were modeled as negative binomial distributed data, data from the first 2 weeks of follow-up during dose titration were excluded, a single treatment main effect rather than time and treatment 3 time interactions was included as fixed effect, and an additional adjustment for cramp frequency or maximum cramp pain intensity over the 30 days before baseline were included, respectively. Treatment slopes or means were compared by linear contrast. Plasma and CSF mexiletine concentrations were determined by high-pressure liquid chromatography. Pharmacokinetic analysis of plasma mexiletine levels assumed a noncompartmental model and was summarized by area under the concentration curve (AUC) from time 0 through 6 hours after dosage. The ratio of CSF to plasma mexiletine concentration was estimated by linear regression of time-coincident samples. Except where specified, all tests and confidence intervals are 2-sided with a nominal 5% type I error rate. No corrections for multiple comparisons were made. This is conservative with respect to detection of differences in safety outcomes and liberal with respect to efficacy outcomes. All analyses were performed using SAS (version 9.4, SAS Institute, Cary, NC).
RESULTS
Participants. The flow of participants is shown in figure 1. Between July 2013 and May 2014, 75 patients were consented and 60 were enrolled from 10 centers (1-12 enrolled per site), with follow-up completed in August 2014. Of the 60 participants randomized, 59 received the study drug (1 participant assigned to placebo was unable to swallow the study drug capsule). Baseline characteristics did not differ significantly among treatment groups (table 1) . By chance, bulbar onset was more common and use of riluzole less common among those randomized to 900 mg mexiletine and time since symptom onset was longer among those randomized to 300 mg mexiletine, but these comparisons did not reach significance. About 16% of all participants reported no muscle cramps and 60% at least 10 muscle cramps in the 30-day period prior to baseline.
Safety. AEs reported in more than 5% of either mexiletine group are shown in table e-1 on the Neurology ® Web site at Neurology.org, excluding AEs directly related to lumbar puncture. More than 25% of participants taking 900 mg of mexiletine a day reported dizziness, falls, tremor, or nausea. Tremor occurred in 26% of participants on 900 mg of mexiletine compared to 5% of participants on placebo (p 5 0.091) and 0% of participants on 300 mg of mexiletine (p 5 0.020). Forty-two percent of participants on 900 mg of mexiletine reported nausea compared to 10% on placebo (p 5 0.031) and 5% on 300 mg of mexiletine (p 5 0.008). Compared to placebo, no differences were noted in laboratory safety studies, ECG, or vital signs. There were 3 SAEs after treatment initiation, 1 death due to respiratory distress in a participant on placebo, 1 hospital admission for a fractured tibia and fibula following a fall in a participant on placebo, and 1 hospital admission for loss of balance leading to a dose suspension in a participant on 900 mg of mexiletine.
Tolerability. Of the 59 participants who initiated study drug, 5 did not complete the study (4 participants on 900 mg of mexiletine and 1 participant on placebo who died) and 3 additional participants permanently discontinued study drug but remained on study (2 participants on 900 mg of mexiletine and 1 participant on 300 mg mexiletine Pharmacokinetic studies. For participants reaching the week 6 visit (n 5 55), the mean peak mexiletine levels at 2 hours postdose were 0.41 mg/mL for the 300 mg group and 1.27 mg/mL for the 900 mg group. AUC was proportional to dose. For a variety of reasons related to consent and timing, CSF was collected from only 43 participants. The CSF:plasma ratio averaged 0.38 among participants receiving 300 mg of mexiletine and 0.46 among those receiving 900 mg, with a strong correlation between CSF and plasma levels by linear regression analysis (R 2 5 0.85, p , 0.001).
Outcome measures. The change in ALSFRS-R and SVC are shown in figure 2 and summarized in table 2. Rates of decline of ALSFRS-R and SVC did not differ from placebo. The change in muscle cramp frequency and pain intensity is noted in figure 3 and summarized in table 2. Among all participants who initiated treatment ( figure 3, A and B) , mexiletine treatment resulted in significant reductions of muscle cramp frequency (300 mg mexiletine: rate 5 31% of placebo, p 5 0.047; 900 mg mexiletine: rate 5 16% of placebo, p 5 0.002) and intensity (300 mg mexiletine: mean 5 45% of placebo, p 5 0.08; 900 mg mexiletine: mean 5 25% of placebo, p 5 0.005). The analysis of the subset with 10 or more muscle cramps in the 30 days prior to baseline (figure 3, C and D) revealed even larger dose-dependent reductions in cramp frequency (300 mg mexiletine: 22% of placebo, p 5 0.005; 900 mg mexiletine: 7% of placebo, p 5 0.002) and pain intensity (300 mg mexiletine: 37% of placebo, p 5 0.058; 900 mg mexiletine: 16% of placebo, p 5 0.025).
DISCUSSION Mexiletine at 300 and 900 mg per day was found to be safe in patients with SALS treated over 12 weeks; however, only 300 mg per day of mexiletine was tolerable, with only 1 in 20 discontinuing study drug at that dosage. In contrast, nearly a third of those taking the higher dosage discontinued study drug due to AEs. The reported AEs, including nausea and tremor, are known side effects of mexiletine. Pharmacokinetic study, performed to determine adequate entry of the study medication into the CNS, the relationship between plasma and CSF levels, and peak plasma and CSF concentrations, demonstrated good penetration of mexiletine into CSF and strong correlation with plasma concentrations. The 2-hour peak concentration of mexiletine in plasma is similar to studies in patients without ALS. The results of pharmacokinetic study of mexiletine from CSF were similar to those described in a small unblinded study of participants with spasmodic torticollis. 19 Rates of decline of ALSFRS-R and SVC did not differ from placebo. However, as is typical of small therapeutic ALS trials, the intention was not to determine effects of mexiletine on progression of disease but rather on safety and tolerability and whether the medication penetrates the CNS in a sufficient fashion to target diseased motor neurons. Mexiletine treatment resulted in robust dosedependent reductions in average muscle cramp frequency/week and severity among all participants and more substantially in the subset that reported 10 or more muscle cramps in the 30 days before baseline. The dose-dependent reduction in cramp frequency and intensity, especially for those participants with more frequent cramps at baseline, was dramatic, suggesting that mexiletine could become an important therapy for this symptom. A possible dosage escalation strategy for the use of mexiletine as a treatment for muscle cramps in ALS could be to initiate the medication at 300 mg a day with gradual increments up to 900 mg a day as needed and as tolerated. Muscle cramps are common in ALS, poorly responsive to treatment, and often debilitating. 20 Typically, they are more prevalent in the first year of symptoms of ALS and lessen over time, occurring in over 75% of patients. 13 Similar to a recent report, 13 we found considerable variability in the frequency and severity of muscle cramps, as a minority of participants had no cramps and others hundreds in a month. There have been a number of randomized treatment trials addressing this often disabling symptom but none has been successful to date. 21 These have included the use of gabapentin, 22 vitamin E, 23 L-threonine, 24 memantine, 25 xaliproden, 26 indinavir, 27 and baclofen. 28 Though riluzole, like mexiletine, is a use-dependent sodium channel blocker, it has not been shown to have any significant effects on muscle cramps. [29] [30] [31] Most of the studies investigated muscle cramps as a secondary outcome measure using primarily changes on a visual analogue scale of severity. A minority also employed the Short Form-36 Health Survey (SF-36) as a quality of life measure. The only randomized study to date to explore effects on muscle cramps as a primary endpoint was a tetrahydrocannabinol study, which evaluated 44 participants in a crossover design over 4 weeks with mean change of muscle cramp intensity on a visual analogue scale used as the primary endpoint. 32 There were several limitations to this trial. As this study recruited participants from large referral centers, employing strict inclusion and exclusion criteria, the participants may not be representative of the ALS population as a whole. Additionally, no quality of life measure such as the SF-36 was utilized to determine the effects on participants of the reduction of muscle cramp frequency and severity. Finally, given the small number of patients, the study was not sufficiently powered to detect a slowing of progression and was also of short duration. As such, potential benefit could not be ruled out and additional study of the drug in larger number of participants and of longer duration may still be warranted.
Mexiletine is the only medication to date to demonstrate significant benefit in reducing the frequency and severity of muscle cramps in patients with ALS in a randomized controlled study. While it remains of uncertain benefit in regard to effects on disease progression, mexiletine could potentially become a first-line therapy for this frequently debilitating complication.
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